A new bulk parameter, Lagoon Richardson Number (R iL ), was developed based on the Estuarine Richardson Number (R iE ) to characterize the mixing/stratification process of permanently open choked coastal lagoons (POCCLs) in Sri Lanka. In addition to tidal induced mixing, wind induced mixing is also incorporated in R iL . Furthermore, the estuarine bulk model was modified by replacing R iE from R iL in order to make it more applicable to POCCLs. By using the energy terms included in R iL , a significant amount of potential energy reduction was able to identify in dry season with compared to rainy season which make the process of wind induce mixing more prominent in dry season for Koggala Lagoon. Bulk models application to Koggala Lagoon shows that the salinity stratification estimation capability of the modified bulk model is greater than Fischer's model, particularly for dry season surveys.
INTRODUCTION
Coastal lagoons are defined as shallow coastal water bodies separated from the ocean by a barrier which is connected at least intermittently to the ocean by one or more restricted inlets and usually oriented parallel to the ocean 1) . Kjerfve 1) identified three geomorphic types of coastal lagoons based on lagoon mouth characteristics, namely leaky, restricted and choked lagoons. The overall salient hydrodynamic characteristics of the lagoon system can usually be defined by the type of lagoon mouth channel connecting it to the ocean. Although tides, river input, wind stress and heat balance at the surface usually forced the physical process of coastal lagoons, similar to coastal plain estuaries, they respond unequally due to the differences in geomorphology 2) . The vertical mixing process and the level of stratification due to saline water intrusion play a crucial role in coastal waters as the vertical fluxes of water properties including dissolved oxygen and nutrient elements depend on them 3) . Over the past decades, bulk models have been developed to analyze the degree of stratification in estuaries 4), 5), 3), 6) . Yet, not much theoretical attempts have been made to develop bulk models to quantitatively estimate the degree of stratification in coastal lagoons which are the most sensitive estuary type for human interventions. Unlike numerical models, simple bulk models can be easily applied with minimum field survey requirements to predict the bulk response of a particular system to various natural and anthropogenic drives. These models can be more useful, especially in situations where there is no proper system to continuously monitor water quality and hydrologic/riverine parameters of a particular lagoon, such as in Sri Lanka.
The aim of this paper is to develop a bulk model to estimate the relative stratification (δS/S) 7) of permanently open choked coastal lagoons (POCCLs) based on an estuarine bulk model. The selected bulk model for the modification is Fisher's model 7) which was originally developed to estimate the relative stratification of estuaries. More specifically, the affect of lagoon mouth dimensions and, most importantly, the affect of wind stress on the mixing/stratification process are constituted into one of the bulk parameters (R iE ) included in the original model. Field investigation results obtained at Koggala Lagoon, which is a POCCL in Sri Lanka, are used to verify the accuracy of the modified bulk model.
MATERIALS AND METHODS (1) Study site
Koggala Lagoon (5⁰ 58'-6⁰ 20'N and 80⁰ 17'-80⁰ 22'E) is a choked coastal lagoon situated in the southwestern coast of Sri Lanka, approximately 16km south from the southern province capital, Galle (Fig. 1) .Koggala Lagoon was an intermittently open lagoon prior to 1995, having a naturally occurring sand bar at the lagoon mouth which controlled the sea water intrusion 8) . Recently, it turned into a POCCL due to the human interventions. Unplanned sand removal activities followed by the construction of groyne system to protect Kathaluwa Bridge (Fig. 1 ) from wave attacks ceased lagoon mouth closure after 1995. Subsequently the salinity of the lagoon increased and the freshwater ecosystem shifted towards more saline conditions, generating various environmental and socio-economic problems 8), 9) . The waterway area of Koggala Lagoon is approximately 7.27 km 2 , measuring 4.8 km long and 2 km wide. The depth of the lagoon ranges from 1.0 to 3.7 m having a mean value of 1.9m which could be varied according to the seasonal variations in rainfall. Although several freshwater streams connected with the lagoon, Warabokka stream could be considered as the main freshwater source of the lagoon as it contributes for more than 88% of the freshwater inflow to the lagoon 10) . Being located in the wet zone, Koggala Lagoon experiences a mean annual rainfall of between 2,000 and 2,500 mm (IUCN 2006) 11) . It receives rainfall mainly during the southwest monsoon, starting from May to September, and 1 st and 2 nd inter monsoon periods, from March to April and October to November, respectively. According to Furusato et al. 12) quasi-equivalent state can be assigned on seasonal time scale for Koggala Lagoon with respect to its mixing states.
(2) Geomorphic and hydrologic characteristics of Koggala Lagoon
The width of the lagoon mouth entrance, the tidal range and the amount of runoff from the adjacent catchment area are important in determining the degree of water circulation of a lagoon. Moreover, the amounts of sea water and freshwater entering into a lagoon are crucial for the analysis of mixing of sea water and freshwater within the system. Therefore, an attempt has been made to identify the characteristics of Koggala Lagoon in a combined point of view of its geomorphology and hydrology by using two non dimensional parameters; b M /l M (the ratio of the lagoon mouth width to length) and A CT /A L (the ratio of the total catchment to surface area of the lagoon) (Fig. 2) .
On the selection of the lagoons for this assessment, the priority was given to the lagoons which have been recently affected by anthropogenic activities (IUCN, 2006) . Surface and catchment area data of Batticaloa L. 13 ), 14) , Negambo L. 15) , Koggala L. 8) , Rathgama L. 16) , Malala L. 17) and Rekawa L. 18) were taken from the existing literature, while the lengths and widths of the lagoon mouths were measured directly from maps. According to the two non dimensional parameters used in Fig. 2 , the lagoons distributed closer to y-axis have high sea water affect and the lagoons distributed closer x-axis have high freshwater affect. This is further supported by the fact that all the lagoons distributed closer to y-axis are permanently open lagoons. Thus, the proposed geomorphic and hydrological Fig. 3) . Rainy season and dry season of Koggala Lagoon were determined based on the average annual rainfall data 19) . Vertical profiles of salinity, dissolved oxygen, water temperature and velocity were measured with 0.5m vertical intervals at several stations, including the main inflow stream, the central part and the mouth channel of the lagoon (Fig. 1) . Vertical salinity profiles of L-1 station which is the selected representative point of the central part of the lagoon are only presented in this paper. (Fig. 6 ). Water quality parameters and flow velocities were measured using multi probe YS1 Model 55 and KENEK VP 1000, respectively. Fischer 7) showed that there is a reasonable correlation between R iE and relative stratification (δS/S; the ratio of surface and bottom salinity difference to mean salinity of the considered cross section) of estuaries by re-plotting Hansen and Rattray's stratification-circulation diagram 5) using R iE and the Densimetric Froude Number (F m ) as the two bulk parameters characterizing the estuary;
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where   is the density difference between river inflow ( I  ) and sea water ( S  ), g is the acceleration of gravity, f Q is freshwater inflow rate, t U is the r.m.s tidal velocity, b is the width and d is the depth of the estuary.
Initially, Fischer's model was applied to Koggala Lagoon in order to examine it's applicability to permanently open choked coastal lagoon. The monthly mean inflow rate from the stream and catchment of Koggala Lagoon was used as f Q and these values were calculated assuming a linear relationship with the monthly precipitation 10) (Fig. 3) . The water densities corresponding to each survey were calculated according to McCutcheon et al. 20) by using observed salinity and temperature data. Furthermore, the entrance width and the mean depth of the lagoon mouth channel were used as parameters b and d , respectively.
Out of the two bulk parameters included in Fisher's model, R iE was selected for the modification as it is the only parameter which characterizes the balance between energy contributions for the mixing/stratification process of the system. On the other hand, F m kept unchanged as it is only important in determining the magnitude of vertical circulation 7) . Furthermore, δS/S primarily depends on R iE and slightly on F m 7) . The new bulk parameter, the Lagoon Richardson Number (R iL ), is derived based on the energy ratio concept used to express the Estuarine Richardson Number by Savenije 21) . For this derivation the potential energy input by the tributaries, the kinetic energy input by the tide and the energy input by the wind during a tidal period are considered. Here, the time between two consecutive low and high tides is considered as the tidal period. Furthermore, it is assumed that a lagoon can be described as one dimensional system. The potential energy per tidal period needed for mixing against buoyancy (or the potential energy gained by making freshwater more brackish/saline during the time of a tidal period) can be expressed as ( p E );
where, FTt V is the volume of fresh/brackish water entering into the lagoon during a tidal period, I Q is I_27 Fig. 4 Schematic of the concept and assumptions for the derivation of R iL with the energy contributors to the vertical mixing the inflow rate of the stream water together with the surface water runoff from the catchment area of the lagoon, t T is the tidal period and Ls d is the effective surface depth of the lagoon which is calculated according to the following equation.
A is the surface area of the lagoon,
FTr
V is the volume of inflow from the stream and catchment which is accumulated in the lagoon during a period of 99% of the flushing time of the lagoon ( Tr ,). On the other hand, the volume of sea water entering into the lagoon during the flood tide (tidal prism) t P ;  is the density of water at the mean temperature of the lagoon. By Eq. (7) and (8);
If the surface area of the lagoon is L A , the energy supplied by the wind on the water surface of the lagoon during a tidal period ( w E );
10) It is assumed that the energy supplied by the wind on the water surface is uniformly distributed throughout the lagoon water surface.
where L b and L l are the width and the length of the lagoon (Fig. 4) . Here, it is assumed that the water surface area can be approximated by a rectangular shape. The shear stress on the water surface of the lagoon can be expressed as;
where h U is the wind speed at (h )10m  above the water surface, a  is the density of the air, D C is the drag coefficient. Additionally it is assumed that the wind stress is transmitted directly to the upper layers of the water and none of the stress is lost by surface wave radiation and subsequent dissipation at the boundaries 22) .From Eq. (11) and (12);
Savenije 21) expressed R iE by taking the ratio of / Pt EE . The major theoretical difference in R iE and R iL is the fact that R iL is incorporated with the wind induced mixing in addition to tidal induced mixing. Hence, the following energy ratio was considered in order to obtain R iL;
R iE , included in the Fischer's model was replaced by R iL and the modified model was applied to Koggala Lagoon. Generally, the mixing processes caused by wind and tide are not the same 3), 22) so that the corresponding mixing efficiencies are different 3) . However, the simplest possible combination of energy terms is considered in Eq. (14) as the first step of constituting wind induced mixing to Fischer's model. When calculating R iL for Koggala Lagoon, wind speed data obtained from Galle meteorological station were used. Additionally, 1.3x10 -3 was used as the value of C D which is (a) (b) recommended by Fischer 22) as the appropriate average value to be used in most engineering calculations.
RESULLTS AND DISCUSSION
(1) Energy contributions for the mixing process Fig. 5 shows the energy contributions by the inflow (E p ), tide (E t ) and wind (E w ) for the mixing/stratification process of Koggala Lagoon which were calculated using the corresponding energy terms in the nominator and denominator of R iL. (Eq.14).The affect of the energy supplied by the wind is not remarkably effective on rainy season due to the significant difference between the energies supplied by the wind and inflow. On the other hand, it cannot be neglected on dry season due to the reduction of potential energy supplied by the inflow in dry season. Additionally, most of the occasions when the potential energy input by the inflow exceeded 7x10 7 J, stratified water columns can be observed. Hence, the potential energy input by the inflow could be identified as the dominant process which controls the vertical stratification of Koggala Lagoon, particularly for rainy season. Moreover, the vertical salinity profiles exhibits mixed water columns in two occasions out of the three surveys where the differences between energy contributions from the inflow and wind are not significantly large (Fig. 7 (K14Feb13DS and  K16Mar12DN) which reveals the importance of wind induced mixing in dry season.
(2) Application of Fischer's (1972) model
Fischer's diagram shows that the deviations of estimated δS/S values from observed values are relatively larger in all the dry season results (Fig. 7  (a) , white & corresponding gray color plots). Conversely, there is a relatively good agreement in all the rainy season results (Fig. 7 (a) black & corresponding gray color plots). Thus, it is reasonable to assume that this happens because the wind induced mixing is not accounted in R iE . More specifically, the surface shallow fresh/brackish water layer, generated due to the lower freshwater inflow in dry season, would be easily mixed by the wind stress. Therefore, a distinctive surface layer cannot be observed in dry season (Fig. 6 white color  plots) . On the other hand, the large amount of freshwater inflow in rainy season creates a deeper surface layer which could not be entirely mixed by the wind. Hence, not including wind induced mixing in R iE doesn't affect much on the estimated δS/S values in rainy season. Thus, the estimated and observed δS/S values show a relatively finer agreement in rainy season than in dry season. , where n is the number of surveys used for the calculation. 
CONCLUSIONS
Fischer's model 7) was applied to Koggala Lagoon in order to examine its applicability to estimate salinity stratification of choked coastal lagoons in Sri Lanka. Although it provides good estimated results in rainy season, overestimation of δS/S values were confirmed in dry season. The model was improved by introducing a new bulk parameter, R iL , which is a mathematical enhancement of R iE where a new energy term is constituted into represent wind induced mixing. The modified bulk model shows better estimation of δS/S for Koggala Lagoon which is a POCCL in Sri Lanka. The effectiveness and applicability of the proposed model to POCCLs needs to be verified by applying it to more other POCCLs in the future.
